The role of phenotypic plasticity in evolution is contentious, in part because different types of plasticity -23 adaptive, neutral, or non-adaptive, are often not distinguished. Adaptive plasticity is expected to facilitate 24 expansion into new environments, while non-adaptive plasticity will result in a mean phenotype further 25 from the adaptive optimum and/or an increase in variance due to the expression of variation that was 26 neutral and shielded from selection in the prior environment. We explore these patterns here by exposing 27 Drosophila melanogaster and D. simulans to high ethanol concentrations, with the knowledge that D.
Introduction

45
Genetic variation occurs when there are differences in a phenotype due to genotypic differences among 46 individuals within a population ( Figure 1A) . In contrast, plasticity -i.e. environment specific adjustment 47 9 of the males were collected for RNA-seq. For both D. melanogaster and D. simulans the expectation is 196 that intoxication is occurring through inhalation of ethanol vapors, and evidence of the behavioral effects 197 in both species and the efficacy of this approach have been published previously (Signor et al. 2017a; b) .
198
Sample preparation and RNA sequencing 199 Sample preparation has been described previously, and will be briefly summarized here (Signor & Nuzhdin 200 2018) . Flash-frozen flies were freeze dried and ten to 12 heads were placed into a 96-tube plate (Axygen 201 MTS-11-C-R). mRNA purification, cDNA synthesis and library preparation were carried out by RAPiD 202 GENOMICS (http://rapid-genomics.com) using a robot. mRNA was purified using Dynabeads mRNA 203 DIRECT Micro kit (Invitrogen # 61021) with slight modifications. To fragment the RNA mRNA-beads 204 were resuspended in 10 uL 2X first strand buffer (Invitrogen # 18064-014), incubated at 80 C for two 205 minutes and placed on ice, then the supernatant was collected after five minutes on magnetic stand. First 206 strand synthesis was performed using standard protocols for Superscript II (Invitrogen #18640-014) and 207 reverse transcription (25 C 10 min, 42 C for 50 min, 70 C for 15 min, 10 C hold). Second strand synthesis 208 was carried out using standard protocols with DNA Pol I and incubated at 16 C for 2.5 hours. cDNA was 209 purified with 1.8 volume of AMPure XP following manufactures instructions (Beckman Coulter A63880).
210
Illumina RNAseq libraries were prepared by Rapid Genomics (http://rapid-genomics.com/home/) using 211 dual barcodes. Sequencing was performed using the Illumina HiSeq 2500 as both 2×150 bp or 2×50 bp 212 reads. The two run lengths (and runs) were intended to provide extra coverage, and all replicates were 213 sequenced in both runs.
214
Gene expression analysis 215 It is common in organisms with alternative splicing for exons from different isoforms of a single gene to 216 overlap with one another, or be shared between all or most isoforms ( Figure 1B ). Short read data 217 fundamentally cannot resolve these exons to individual isoforms, however, one approach is to quantify each 218 exon separately and decompose exons overlapping between isoforms into those which are shared and 219 10 unique. When the differences between overlapping exons are less than 10 bp, there is no appreciable 220 amount of information loss in not decomposing overlapping exons, and this approach has been taken in the 221 past (Dalton et al. 2013; Graze et al. 2014; Newell et al. 2016; Fear et al. 2016) . However, in many cases 222 the differences in exon overlap are much larger than this, so to address this issue we use a classification 223 scheme where reads may be assigned to exons, exonic regions, or exon fragments (Signor & Nuzhdin 2018) 224 ( Figure 1B) . Here, an exon does not overlap any other exons (as opposed to exonic regions or fragments), 225 and it may be unique if it is found in a single isoform, common if it is shared between some but not all 226 isoforms, or constitutive if it is found in all isoforms of a gene. For example, if a gene has one transcript, 227 all gene regions are unique constitutive exons ( Figure 1B ). If exons from different isoforms overlap, they 228 are grouped into an exonic region. Exonic regions are made up of exons that overlap from different 229 isoforms, thus they are not unique, but they may be common to several isoforms or constitutive and found 230 in all isoforms -they may also be formed of overlapping exons from neighboring genes ( Figure 1B) . Exon 
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The APN was summed for technical replicates of the same read length then averaged between read 238 lengths to handle the mixture of read lengths for each sample (2×150 bp and 2×50 bp). If the APN was 239 greater than zero in at least half of all samples per condition it was considered detected. While we 240 considered several approaches to normalize coverage counts upper-quartile normalization with log-241 transformation and median centering within time × treatment × genotype were selected due to better 242 performance of the residuals (Bullard et al. 2010; Dillies et al. 2013) .
11
To test the significance of components of expression variation, the log APN for each exonic region was 
251
(ethanol versus no ethanol, for ten min, 20 min and 30 min) were conducted. Residuals were evaluated for 252 conformation with normality assumptions, and assumptions were met in excess of 95% of the models.
253
To evaluate whether there was evidence for splicing differences among times or treatments, exons 254 and exonic regions for each gene and for each sample were ranked and the most expressed region ranked 255 as one, the least expressed region as three and all others as two. Exon ranks for each gene were modeled as 256 Υ $%& = + $ + % + ( ) $% + $%&'
257
where Υ $%& is the exon rank (1,2,3) of the i th exonic region of the gene, j th condition (time × treatment), and 258 the k th replicate; $ is the exonic region of the gene; % is condition; and ( ) $% is the interaction between 259 exonic region and condition. We took this approach, rather than what may be viewed as a more traditional 260 GLM approach, due to a lack of normality in the distribution of model residuals. Accordingly, a non-261 parametric test must be relied upon to look for changes in exon or exonic region representation between 262 exons of a gene and we used of a rank test to summarize changes in exon representation (Supplemental File 263 3). F-tests for the significance of the mean square attributed to the effect tested versus the mean square 264 attributed to error, or the appropriate interaction term, were used. The false discovery rate was controlled 265 using the Benjamini-Hochberg procedure, with a significance cutoff of = 0.05 (Benjamini & Hochberg 266 1995).
267
GO Analysis
268
When a gene in D. simulans had more than one ortholog in D. melanogaster only one ortholog was 269 included for the GO analysis, so as not to inflate the number of genes involved in a given process. This 270 does presume that orthologs will be annotated with the same GO terms, and this is generally the case. For 271 example, in D. simulans there is only AOX4, while in D. melanogaster there is AOX3 and AOX4, but the 272 GO terms for each are the same. However, as D. simulans genes are generally not independently 273 annotated, especially those without D. melanogaster orthologs, if there was no D. melanogaster ortholog 274 the gene was not included in the enrichment analysis. This is a significant fraction of the overall genes 275 that were involved in the response to treatment, treatment by genotype, and genotype by treatment by 276 time, however there is no viable alternative. Lists of significant genes were tested for GO enrichment 277 using the PANTHER classification system (Mi et al. 2017) . They were corrected for multiple testing and polymorphism between the significant sets of genes and genome-wide averages we calculated Tajima's D 289 genome-wide for the source populations of D. melanogaster and D. simulans. We obtained the VCF files 290 from the Winters population sequenced by (Campo et al. 2013) , which includes all six of the genotypes 291 assayed here as well as 29 other inbred lines sampled from the same population at the same time. The 292 coordinates of the genes implicated for exons, exonic regions, and exon fragments were converted from 293 the current assembly coordinates (v6) to those used in the previous study (v5). For D. simulans we used 294 data previously obtained from 170 individuals from this population (Signor et al. 2017c) . To obtain 295 estimates that were consistent with our dataset (which is gene regions) we extracted regions from 296 genome-wide VCFs that corresponded to genes as annotated in the latest assembly. Note that we are 297 considering gene regions here rather than trying to include regulatory regions for a number of reasons: 1)
298
Gene regions includes introns, which will include some regulatory regions and splice sites. 2) The 299 location of regulatory regions for these genes is not well established, much less so between species where 300 we do not know if they may have shifted locations. This approach is more conservative than including 
306
SNPs within these coordinates were separated using bedtools intersect (v2.26.0). We excluded regions 307 from the fourth chromosome and unassembled scaffolds for the analysis of population genetic differences.
308
In both species this is a trivial number of significant regions. Alternate SNPs that were present in > 99% 309 of the mapping population were excluded, as were SNPs with more than 10% missing data. Tajima's D 310 was calculated in windows of 1 KB using VCFtools v1.12a. Windows of Tajima's D that overhung the 311 ends of genes were included in the analysis.
312
We calculated per-gene DXY for the significant exons, exonic regions, and genes with significant 313 changes in rank abundance, to determine if there were any unusual patterns of divergence for these 314 14 subsets. To calculate divergence comparable regions of the genome need to be identified, and there has 315 been considerable evolution of transcription start sites between D. melanogaster and D. simulans (Main et 316 al. 2013 ). Comparing regions annotated as the gene regions in each species introduces large and 317 unexpected gaps in the start of the alignments. While the evolution of transcription start sites is of 318 interest, if unaccounted for it will artificially inflate estimates of DXY. Thus for genes implicated in 319 differences in D. melanogaster the regions annotated as genes were blasted using ncbi blastn (v2.4.0) to 320 the D. simulans assembly and then back to the D. melanogaster assembly and used for divergence 321 statistics, and vice versa for D. simulans genes. This means that for different genes small non-coding 322 regions may be included depending upon the direction of evolution of transcription start sites, or small 323 portions of coding regions may be excluded. Furthermore, for genes from D. simulans with more than one 324 ortholog in D. melanogaster the top blast hit was used, and while there may have been orthologous 
333
This was done for every orthologous gene in the genome from D. melanogaster and D. simulans, and 334 each significant subset from each component of variance, to compare distributions of divergence.
336
Results
337
Gene expression and isoform usage 338 It is difficult to decouple alternative isoform usage from gene expression, given that many exons are 339 shared between isoforms or overlap other exons. To infer isoforms from short read data, one must rely 340 upon unique junctions or regions of individual isoforms and extrapolate to shared regions. This requires 341 accurate isoform annotation (knowing that any given exon/junction is found in combination with other 342 exons/junctions) and in general can be very noisy. Accordingly, we subscribe to a simpler but more robust 343 approach and summarize the abundance of different exons and exonic regions separately. We detail Figure 1C ). While exons within Drat change their expression in response to 350 ethanol by time, and between environments at 30 minutes, that doesn't capture the fact that the third exon 351 is most abundant in ethanol while the first is most abundant without it, suggesting differences in isoform 352 abundance that may also belong to unannotated isoforms ( Figure 1D ). In the following sections we will 353 first summarize changes in exon, exonic region, and exon fragment abundance followed by differences in 354 rank abundance between environments. between exons and exonic regions in D. melanogaster and D. simulans. At 20 minutes three exons, one 389 exonic region, and two exon fragments were different in D. simulans, two of which belong to cabut in 390 both exons/exonic regions and exon fragments. In D. melanogaster one exon, four exonic regions, and 391 five exonic fragments are different at this time point, and the gene cabut is shared between species for 392 both categories. At 30 minutes 29 exons, four exonic regions, and six fragments in D. simulans were 393 different between treatments, all of which have D. melanogaster orthologs ( Figure 1) , it is unclear if it is enough to explain the discrepancy between species. It is also 408 possible that in response to the environment genes with alternative splicing are more important in D.
409 melanogaster compared to D. simulans. The proportion of genes in each category in D. simulans is 410 consistent between components of variance, including ethanol by genotype and ethanol by genotype by 411 time, again suggesting the possibility that differences in annotation are responsible. If annotation 412 differences are responsible this does not affect the overall results, for example the number of exons 413 implicated, but may make comparison between species for the number of unique versus constitutive 414 differences not meaningful. It also underlines the importance of not relying upon isoform annotation 415 when trying to understand differences in expression and alternative splicing.
416
GO enrichment analysis 417
We report here only the results of enrichment for exons and exonic regions ( Table 2 ). In D. simulans the 418 response to treatment, treatment by time, and the three time points were not enriched for any GO terms.
419
Much of the lack of enrichment is likely due to annotation issues -for example 9% of the exons 420 implicated in treatment over time could not be resolved to a single gene, and of the remaining genes 14% 421 do not have a D. melanogaster ortholog. Of those with annotated orthologs, 20% do not have any gene 422 ontology terms associated with them. A summary of significant GO terms for the remaining components 423 of variance is shown in Table 2 . In D. melanogaster exons and exonic regions were not significantly 424 enriched for any category of genes. In general, the small number of genes implicated for many categories 425 precludes any conclusion of enrichment.
426
Changes in rank abundance 427 In response to treatment 54 genes showed changes in rank abundance, and 94 genes change the rank 428 abundance of their exons for the interaction between treatment and time. In D. melanogaster 71 genes 429 changed the rank abundance of their exons in response to ethanol and 145 changed for treatment by time 430 (Signor & Nuzhdin 2018) . No genes were shared between species. For the interaction between treatment 431 and time lola, Mhc, and Prm were shared between species. Figure 1D In D. melanogaster components of variance for interaction terms have very few significant genes, with 447 the largest category being exons and exonic regions that respond to ethanol and that are different at 30 448 minutes. D. simulans is roughly comparable for the majority of these categories. However, many more 449 exons and exonic regions are significant for components of variance that interact with genotype: 1457 for 450 the interaction between genotype, treatment and time, and 486 for the interaction between genotype and 451 treatment, compared to two and three exons and exonic regions respectively in D. melanogaster (Table 1; 452 Figure 2 A&B). This suggests that in D. simulans interactions with genotype are a far more important 453 component of the response to ethanol than in D. melanogaster. It is also worth noting that in D. simulans 454 the response to ethanol (plasticity) is three times as large (28 exons and exonic regions in D.
455 melanogaster compared to 99), though this is many order of magnitudes less of a difference than for 456 genetic variation for plasticity.
458
Genotype-specific responses are enriched for non-coding genes in D. simulans 459 A large number of non-protein coding genes were implicated in gene expression changes in D. simulans 460 in these analyses, so we applied a 5 test to understand if our gene lists were enriched for this functional 461 category. The number of non-protein coding genes that were significant for ethanol, ethanol by genotype, 462 and ethanol by genotype by time, were more than would be expected by chance in D. simulans (13, = 463 20 49.598, < 0.0005; 68, = 235.21, < 2.2 10 EFG ; 196, = 727.17, < 2.2 10 EFG ). Other than 464 the pseudogenes, these are long non-coding RNAs (lncRNAs) as the shortest is annotated at 713 bp, and 465 the majority are over 4,000 bp (long non-coding RNAs being any non-protein coding genes over 200 nt).
466
The interaction between treatment and time, and the differences in expression at ten, 20, and 30 minutes 467 were not enriched for non-protein coding genes, nor were changes in rank abundance. 
474
Non-coding genes that respond to the environment in D. simulans do not have D. melanogaster orthologs 475 Given that a considerable number of non-protein coding genes were implicated in this analysis for D. 476 simulans, we were suspicious that this may be an annotation issue in D. melanogaster. Using the exons 477 associated with every transcript from each of these non-protein coding genes as a reference we did not 478 find that D. melanogaster reads mapped to these exons across a range of relaxed mapping parameters 479 allowing for mismatches and gaps (using bwa mem, from defaults to -B 2 -O 3; using both the D. 480 simulans exons or existing homologous regions in D. melanogaster). In several cases, such as CG30377, 481 an annotated protein coding gene in D. melanogaster is annotated as a pseudogene in D. simulans, with 482 no noted relationship between them. Therefore there may be a small number of cases in which an ortholog 483 exists but is not recognized, but in general these non-protein coding genes appear to be unique to D. 484 simulans. It has been noted previously that lncRNAs can share high sequence similarity between related 485 species, but be expressed in only one (Ulitsky 2016). Determining the orthology of these genes and the 486 dynamics of non-protein coding gene evolution on the Drosophila phylogeny is an interesting question 487 that will require additional future research.
489 21
The response to the environment is enriched for nested non-protein coding genes in D. simulans
490
In analyzing the non-protein coding genes identified in D. simulans we noted that many of them were 491 nested in the introns of other genes. We investigated the frequency with which nested genes were 492 implicated in our analysis, and nested non-protein coding genes, to understand the possibility that 493 differences in expression could also be changes in intron retention in the parental genes (as 'nestedness' 494 generally refers to exons or entire genes found within the introns of other genes). Using the criteria that an 495 exon nested in an intron must overlap the intron by at least 80 bp or 10%, we found that in D.
496
melanogaster 9.2% of exons were nested within introns, while in D. simulans 9.7% were nested, similar 497 to what has been previously reported (Lee & Chang 2013). This was reflected in our data, where for both 498 D. melanogaster and D. simulans 6.8% of exons and exonic regions were nested within introns (lower 499 because multi-gene exons were excluded). However, among significant exons and exonic regions in D.
500
melanogaster 18.6% were nested, while in D. simulans 33.5% were nested. This is a significant 501 enrichment of exons that are nested within other introns, for both D. melanogaster ( = 12.344, <
502
.0004) and D. simulans ( = 1721.1, < 2.2 10 EFG ).
503
The remaining question then is whether nested genes are more likely to be non-protein coding, or 504 whether the dataset is enriched for both. Indeed, compared to the total number of nested genes that are 505 noncoding within the dataset, the number that are significant for the response to ethanol is enriched for 506 nested, non-protein coding genes in D. simulans ( = 237.49, < 2.2 10 EFG ), but not in D.
507
melanogaster. Overall D. melanogaster has more annotated non-protein coding genes (2963) than D. 508 simulans (1675), and similarly more exons from noncoding genes are nested within introns (1772 D. 509 melanogaster, 1066 D. simulans), suggesting that this pattern is not reflective of annotation issues 510 between the two species. However, the question remains as to why nested genes are so much more likely 511 to be non-protein coding than non-nested genes -for example in the total dataset of D. simulans 9.7% of 512 exons are nested, while of the annotated non-coding genes in D. simulans 63% are nested. Furthermore 513 the importance of nested non-protein coding genes for the response to the environment, or potentially 514 delays in splicing that are specific to certain components of variance, is unclear. In D. simulans 328 significant nested genes (375 nested exons and exonic regions) are on the opposite 519 strand as their parental gene, 75% of the total significant nested genes. Of non-protein coding genes, this 520 bias is stronger, with 83% having the opposite strandedness as their parental gene. In D. melanogaster 13 521 significant genes are nested (16 total exons and exonic regions) and of these nine are on the opposite 522 strand as their parent gene (69%). Only one non-protein coding gene shares strandedness with its parental 523 gene, CR44660/drp1. It has been observed that many nested non-protein coding genes require expression 524 of the parental gene, share strandedness, and depend on splicing out of the parental intron for activation 525 (miRNAs, (Boivin et al. 2018) . In both D. simulans and D. melanogaster, however, we do not observe 526 non-protein coding genes as being more likely to share strandedness with their parental gene among our 527 significant nested exons and exonic regions. This suggests that whatever the reason for the observed 528 enrichment in nested non-protein coding genes, it is likely not because the parental genes are being 529 expressed and the nested non-protein coding genes are being spliced out of the introns. We could not test 530 the D. melanogaster dataset for correlation between the expression of parental and nested genes as it is 531 too small. However, in D. simulans genes that were both non-coding and shared strandedness with their 532 parental gene had highly correlated expression differences between treatments (0.83, 14 genes). All other 533 categories (i.e. nested non-protein coding, opposite strand) were essentially uncorrelated (0.09-0.27). We 534 note that of the parental genes only three are also represented as significant in the main dataset, sima, 535 mira, and bru-3 (significant in response to ethanol or genotype by ethanol). Thus it is unlikely that overall 536 the observed differences in expression are due to changes in the expression of the parental gene, as this 537 would likely result in differences in expression detected at both loci.
539
Polymorphism and divergence in D. melanogaster and D. simulans 540 23
We were interested to determine if the patterns of polymorphism and divergence in the genes implicated 541 in the response to ethanol suggested that they were evolving under a particular selection regime or were 542 unusually diverged compared to background levels of polymorphism or divergence. If the genes 543 implicated in expression differences in D. melanogaster had unusually low Tajima's D, for example, this 544 could suggest that directional selection for adaptation to ethanol is responsible for the observed 545 expression differences. We compare polymorphism in genes with expression differences in D. simulans 546 in both D. simulans and D. melanogaster, because it is possible that it is those same genes that were under 547 selection for adaptation to ethanol in D. melanogaster. This might help to clarify whether the observed 548 expression differences are adaptive or show evidence of adaptation. For both polymorphism and 549 divergence in the following sections we will compare the genome-wide background distribution of 550 polymorphism and divergence to differences in expression and rank abundance as a whole, rather than by 551 components of variance, for two reasons. Firstly, for the majority of categories other than genotype 552 interaction terms in D. simulans, the number of independent genes on each list is ~50% confounding any 553 attempt to separate out components of variance. Second, in D. melanogaster there are too few genes that 554 are significant for many components of variance and they cannot be considered separately. correspond to 27 genes, while in D. simulans they cover a total of 25, including both the X and 567 autosomes. Between the two lists there is considerable overlap in the location of outlier intervals, at 568 CG43366, AOX4, dsb, fumble, CG31875, Mical, Ada2b, forked, CG1986, and CG42749. 
569
For genes implicated in changes in rank abundance in D. melanogaster, there is also no 570 significant enrichment for outliers of Tajima's D relative to the genome-wide frequency in D. 571 melanogaster or D. simulans. In D. melanogaster on the autosome these intervals cover 59 genes, while 572 in D. simulans they cover 56. 14-3-3e, AcCoAs, boi, CG31522, CG34398, eff, elF4EHP, fru, grh, kay, 573 lds, lola, mRpL21, osp, siz, Syp, Tep2, and tweek are shared in containing outlier intervals for Tajima's D 574 in both D. simulans and D. melanogaster. In D. simulans on the X chromosome these intervals cover 575 four genes, while in D. melanogaster they cover nine, and two are in common between the species 576 (CG34417, Ten-a). 577 578 D. simulans 579 Many more genes were implicated in the response to ethanol in D. simulans, and for exons and exonic 580 regions that changed in abundance there was an excess of outliers for Tajima's D for the autosomes and 581 the X chromosome (Table 3 ; Figure 3 ; Autosomes: = 9.41, = 0.0022, X: = 14.03, = 0.00018).
582
These intervals correspond to 428 unique genes, and many outlier intervals overlap the same gene region.
583
For example, every 1 kb interval that overlaps the gene Cubilin is an outlier, with an average of -2.41.
584
Polymorphisms in the human ortholog of Cubilin, CUBN, have been associated with lifetime rates of 585 heavy drinking (Hamidovic et al. 2013) . It is worth noting here that the outliers that were significantly 
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For genes implicated in changes in rank abundance in D. simulans there was a significant 593 enrichment compared to genome-wide frequency for both the autosomes and the X (Autosomes: = 594 19.78, < 8.7 10 EG , X: = 458.73, < 2.2 10 EFG ). This includes intervals in 44 unique genes 595 including 16 intervals in the gene Mondo. In D. melanogaster this did not constitute an enrichment 596 relative to genome-wide. Outlier intervals that occur within shared genes between the two species include 597 CG7881, lola, mbf1 (a stress response gene), Mhc, PI31, and Pka-1 (which has been implicated in the 598 response to ethanol previously (Chen et al. 2008) ). Note that for changes in the abundance of exons and 599 exonic regions in D. simulans, if regions of low recombination are excluded from the candidate regions 600 the enrichment is no longer significant, but there is no change among the other tests.
602
Divergence 603
We calculated DXY for orthologous genes on the autosomes (10,435 genes) and the X (1,943 genes) 604 between D. melanogaster and D. simulans ( Figure 3B ). DXY was similar to that previously reported, with 605 an average of 0.52 on the autosomes and 0.55 on the X (compared to 0.048 on the autosomes, 0.054 on 606 the X (Nolte et al. 2013) ). For the subsets of genes implicated in expression differences the mean was 607 0.047 on the autosomes and 0.057 on the X for expression differences in D. melanogaster and 0.053 on 608 the autosomes and 0.06 on the X in D. simulans. The genes implicated in changes in rank abundance in D.
609
melanogaster had a mean DXY of 0.047 on the autosomes and 0.05 on the X. In D. simulans this was 610 0.049 on the autosomes and 0.059 on the X. To determine if the distribution of DXY for any of the 611 significant subsets of genes differed compared to the genome-wide distribution we used a Kolmogorov-
612
Smirnov two-sample test, separately for genes on the X and the autosomes. In D. melanogaster exons and 613 exonic regions that changed abundance in response to ethanol were not significantly different on the 614 autosomes or the X. However, exons and exonic regions with significant differences in rank abundance 615 did differ in distribution on the autosomes, but not the X (Autosomes: D = 0.14, p = 0.002). The genes 616 implicated in expression differences on the autosomes in D. simulans differed significantly from the 617 26 genome-wide distribution, but not on the X (Autosomes: D = 0.061, p = 0.005). However, those 618 implicated in changes in rank abundance did not, on the autosomes or the X. A difference in distribution 619 does not indicate the direction of effect, and in fact in D. melanogaster the mean DXY for changes in rank 620 abundance is lower than genome-wide, while for expression differences in D. simulans it is slightly 621 higher. This suggests that the genes implicated in changes in rank abundance in response to ethanol in D.
622
melanogaster are somewhat more conserved than expected based on genome-wide distributions, while 623 those implicated in expression differences in D. simulans are slightly less conserved. Note that because 624 we can only include genes with orthologs here this does not include any of the abundant non-protein 625 coding genes implicated in D. simulans, likely to be among the more rapidly evolving genes.
626
Population genetic patterns -or a lack thereof-among genes that respond to ethanol are difficult 627 to interpret, in part because plastic responses may be due to a single regulatory change at an upstream 628 gene. As the number of regulatory (or coding) changes involved in the plastic response are not known, it 629 is difficult to interpret a lack of enrichment, as it is possible, for example, that only one of the genes 630 whose expression changed could be under selection. Furthermore, it is not known whether the response to 631 ethanol is adaptive -while it is presumed to be so in D. melanogaster due to its relative fitness on ethanol 632 compared to D. simulans, functional links between gene expression differences and the phenotype were 633 not established.
635
Discussion
636
In this study both D. melanogaster and D. simulans have a plastic response to the environment, but D. 637 melanogaster is lacking in genetic variation for plasticity. Given the observed patterns, it appears most 638 likely that for D. simulans 15% ethanol is a novel environment, and that the marked G x E is a passive 639 stress response. This maladaptive plasticity would allow for the expression of previously cryptic variation 640 that had accumulated in the absence of selection. In D. melanogaster this environment may not be 641 stressful or novel, resulting in past selection removing genetic variation for plasticity that in D. simulans 642 was allowed to neutrally accumulate. In this sense D. melanogaster may be more 'locally adapted', as it 643 27 has evolved a reduced plastic response compared to D. simulans. However, it could also be that because 644 D. melanogaster colonized the Americas a few thousand years prior to D. simulans, D. simulans has not 645 yet reached an optimal level of plasticity (a nonequilibrium situation). Also, the frequency with which 646 they encounter ethanol rich environments may vary for D. simulans and D. melanogaster, resulting in 647 different selection pressures for developing the optimal level of plasticity -particularly if there is a trade-648 off with traits that are beneficial to the semi-domestic habitat of D. simulans. Trade-offs among 649 genetically correlated traits may mean that a genotype with optimal phenotypic plasticity in one 650 environment is constrained from evolving the optimal phenotype in another environment, resulting in the 651 maintenance of variation for phenotypic plasticity.
652
Joshi and Thompson (1997) found that in D. simulans there was greater between family variation 653 for the phenotypic response to ethanol substrate prior to selection for tolerance to ethanol. Compared to 654 D. melanogaster and control populations, after selection in an ethanol environment the greatest change 655 was a reduction in variation for plasticity between D. simulans families. Joshi and Thompson (1997) 656 quantified phenotypes such as development time, which are not easily generalizable to expression 657 patterns, but it is suggestive. However, in studies of other phenotypes in presumably adapted and non-658 adapted populations of D. melanogaster, no increase in genotype by environment response were observed 659 in non-adapted populations (Heckel et al. 2016 ). This could be due to differences in the degree of stress or 660 novelty of different environments, or it is possible that the response in D. simulans is due to something 661 other than stress induced maladaptive plasticity.
662
The abundance of lncRNAs which are involved in genotype by environment interactions 663 in D. simulans is perhaps not surprising, given that they have been implicated previously in the response 664 to stress (Valadkhan & Valencia-Hipólito 2016) . It is also possible they are more frequently involved 665 because lncRNAs are often less conserved, as there is no requirement for the maintenance of ORFs and 666 codon synonymy (Chodroff et al. 2010; Ulitsky et al. 2011; Quinn et al. 2016; Ulitsky 2016) . It has been 667 observed previously that transcription evolves more quickly than sequences, and lncRNA are commonly 668 homologous to non-transcribed sequences in other species, however these species are typically more 669 28 diverged than D. melanogaster and D. simulans (Main et al. 2013; Ulitsky 2016) . If neutral variation was 670 allowed to accumulate without selection, and then uncovered in a stressful environment, preferential 671 accumulation within less constrained sequences would be expected. D. melanogaster is also enriched for 672 lncRNAs for the response to ethanol at 30 minutes, which could be explained by increasing ethanol stress 673 over time. While it is possible that lncRNAs are indicative of stress-induced maladaptive plasticity this 674 cannot be separated from a more general involvement in the stress response, which would not necessarily 675 occur as a result of maladaptive plasticity.
676
Why the lncRNAs are preferentially nested in D. simulans is less easily envisioned, though four 677 potential scenarios for an increase in nested lncRNAs are depicted in Figure 4 . The simplest explanation 678 is only that there has been a change in the expression of nested lncRNAs, and perhaps nested lncRNAs 679 are more commonly involved in less essential processes than other lncRNAs and are therefore less 680 constrained. It is also possible that ethanol causes a change in the intron stability of the spliced transcript, 681 causing increased (or decreased) detection of the nested lncRNA (Figure 4) . It is also possible that a 682 change in the processing of the parental gene occurred, causing a change in the number of reads mapping 683 to unspliced introns, or that the parental gene simply changed expression. These latter two explanations 684 would predict correlation between the parental gene expression and nested gene expression, which was 685 only observed for the very small fraction of lncRNAs that shared strandedness with their parental gene.
686
Thus it is more likely that either nested lncRNAs are less constrained, or ethanol alters the stability of 687 introns during or after the process of splicing.
688
The population genetic patterns observed in these two species are not easily interpreted. D.
689
melanogaster does not show any increase in outliers for Tajima's D in any direction for either changes in 690 rank abundance or expression (with the exception of fewer than expected on the X chromosome for D. 691 simulans genes implicated in expression differences). D. simulans is an outlier in the positive direction for 692 D. melanogaster genes implicated in differential expression, which could indicate that the genes involved 693 in expression differences in D. melanogaster are subject to relaxed purifying or balancing selection in D. 
696
2017c). While they are still more positive than expected due to background levels of Tajima's D, caution 697 is also warranted in interpreting these patterns as due to selection. Among genes with expression 698 differences and changes in rank abundance in D. simulans, there is an enrichment of outliers for 699 expression differences on the autosome and X. This is due in large part to negative Tajima's D outliers, 700 which given genome-wide patterns is overall more suggestive of selection, in this case directional 701 selection. It may be that D. simulans phenotypic plasticity is currently not in equilibrium, and there is 702 selection for an optimal phenotypic response. This can be true whether or not the observed response is 703 due to maladaptive plasticity -diversity of the passive stress response to ethanol implies that some 704 responses will be more beneficial than others, and there may be selection against the less adaptive stress 705 responses.
706
Between species divergence (DXY) suggests that in D. melanogaster the genes involved in 707 changes in rank abundance are less diverged than expected compared to background levels of divergence.
708
In D. simulans the genes implicated in expression differences for exons and exonic regions are more 709 diverged than expected based on background levels of divergence, which combined with being outliers 710 for largely negative Tajima's D could indicate that they have been important for adaptation in D. 711 simulans. However, given that the number of nucleotide differences involved in the response to the 712 environment is unknown -for example all the observed patterns could be due to a single trans variant, it 713 is difficult to interpret the results of Tajima's D and DXY in terms of selection.
714
Inferring that gene expression differences are adaptive or non-adaptive remains a major challenge 715 in the study of gene expression reaction norms, given the lack of direct correlation between gene 716 expression phenotypes and organismal phenotypes. However, the patterns observed in D. simulans do 717 suggest maladaptive plasticity in response to ethanol exposure. In this scenario abundant genotype by 718 environment interactions are expected to have accumulated neutrally and become uncovered in response 719 to environment stress. In contrast, in D. melanogaster this ethanol environment is not novel and 720 maladaptive plasticity has been selected out in favor of an adaptive phenotypic response. lncRNAs are 721 30 preferentially differentially expressed in D. simulans in response to ethanol either because they are less 722 constrained and can accumulate more neutral variation, or because they are involved in the general stress 723 response. It is also possible that environmental heterogeneity has caused D. simulans to maintain balanced 724 polymorphisms for plasticity in a way that has not occurred in D. melanogaster, though we believe there 725 is less evidence in favor of this interpretation. In the future comparing African, non-ethanol adapted 726 populations of D. melanogaster to cosmopolitan populations may be a way of discerning between these 727 hypotheses. 
